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Abstract—Large parking lots in public and commercial build-
ings are increasingly installing the required infrastructure for
serving Electric Vehicles (EVs). Utilizing charging and discharg-
ing flexibility of parked EVs has the potential to significantly
increase the self-consumption of on-site renewable generation and
reduce building energy costs. Optimal charging and discharge
management of electric vehicles can fill the gap between self-
generation and building electric demand while accounting for
electricity tariffs. Optimal interactions between EVs and build-
ings will play a key role in the operation of power networks
with a high penetration of distributed energy resources, such as
the Portuguese electric grid. However, in Portugal, the existing
regulation does not allow financial transactions between buildings
and EVs in exchange for charging and discharging. This renders
most proposed charging and discharging management strategies
impractical. This paper introduces a novel and practical frame-
work to connect electricity and parking values at commercial
and public buildings. This framework will manage interactions
between building and vehicle in the context of parking time
duration and added value services for the charging and dis-
charging periods. The proposed formulation is ready to adopt
since it is compatible with the current regulations and relies on
existing technologies. The simulation results showcase the cost
reduction and self-consumption benefits of the proposed solution
for building owners.
Index Terms—Electric Vehicles, Building to Vehicle to Building,
Charging Management, Distributed Energy Resources.
NOMENCLATURE
Inputs
CP Baseline hourly parking tariff for EVs
(e/hour)
CC EV charging tariff associated with the charging
period (e/hour)
CD EV discharging tariff associated with the dis-
charging period (e/hour)
CF Reward to compensate EV charging flexibility
(e/hour)
CEE(h) Electricity tariff for power exported to the grid
at time step h (e/kWh)
Support for this research was provided by the Fundao para a Ciłncia e a
Tecnologia (Portuguese Foundation for Science and Technology) through the
Carnegie Mellon Portugal Program.
CEI(h) Electricity tariff for power imported from the
grid at time step h (e/kWh)
tc(n) Charging period desired by EV owner n during
its parking period (hour)
td(n) Maximum discharging period allowed by EV
owner n during its parking period (hour)
tP (n) Total parking period of EV n (hour)
L(h) Net electricity load in the building, excluding
the impact of EVs, at time step h (kW )
P+MEV,n Maximum charging power for EV n (kW )
P−MEV,n Maximum discharging power for EV n (kW )
η(n) Efficiency of the EV charging/discharging for
EV n (%)
Variables
CE(h) Electricity consumption cost of the building at
time step h (e)
CEV (n) Cash flow between EV owner n and building
during the EV parking period (e)
tC(n) Net charging period of EV n (hour)
tD(n) Net discharging period of EV n (hour)
P+EV,n(h) Charging power of EV n at time step h (kW )
P−EV,n(h) Discharging power of EV n at time step h
(kW )
I. INTRODUCTION
A. Motivation
The electric power system is quickly changing due to
the growing penetration of renewable energy sources in the
grid and into buildings. The generation mix is increasingly
based on distributed, intermittent and non-dispatchable sources
and maintaining supply and demand balance is becoming
more challenging. Simultaneously, the transport sector with
Electric Vehicles (EV) is increasingly an important consumer
of electricity. However, EVs can be used as controllable loads,
using the Grid-to-Vehicle (G2V) system to charge in periods
of high renewable generation or low electricity prices [1]. In
addition to absorbing power from the grid, EVs can also use
some of their storage capacity to inject energy into the grid,
using the Vehicle-to-Grid (V2G) system to help ensure the
balance between the generation and demand [2].
In countries with high penetration of hydro and wind power,
such as Portugal, there is already a surplus of renewable gen-
eration during winter nights. This not only results in technical
challenges for grid operators but also leads to low wholesale
electricity market prices. With the ambitious targets defined
by Portuguese governments, i.e., achieving 100% renewable
electricity generation and 70% transportation electrification
by 2050 [3], G2V and V2G play critical roles in providing
flexibility for the integration of renewable generation.
Buildings are the foundation and end point of the electric
delivery system. In Portugal, the electricity buy-back tariff
does not encourage back feeding to the grid. Thus, buildings
prefer to increase the self-consumption of local generation.
Addressing the mismatch between the on-site renewable gener-
ation, e.g., solar photovoltaics (PV), and the electricity demand
in buildings requires flexible energy resources. EVs can sig-
nificantly contribute to providing the much needed flexibility
through charging period management, using the Building-to-
Vehicle (B2V) system, adjusting the charging period based on
renewable generation availability [4]. Additionally, using the
Vehicle-to-Building (V2B) system, the energy stored in EVs
can be injected into the building to compensate periods of
low generation (for instance, due to clouds passing by the PV
system) or reduce the demand from the grid in periods of high
tariffs.
Large public and commercial buildings, with parking lots,
have a high potential to use EVs as a flexible load to increase
local renewable generation and demand matching and mini-
mize the electricity costs. Typically EVs and buildings do not
belong to the same entity, which means that leveraging EVs’
flexibility depends on establishing an economic relationship
between building and the EV user. In Portugal, as in most
countries, the regulation does not yet allow selling and buying
electricity between buildings and entities (e.g., EV user) except
the power grid. Therefore, unlocking technical and economic
benefits of B2V and V2B requires innovative methods.
B. Related Works
There is a vast body of works proposing methodologies
to implement V2B strategies. Some works have studied V2B
in the context of residential buildings. For instance, [5] con-
sidered a household with PV, EV and storage with the goal
to minimize the operational costs. However, in residential
buildings, the EV and the building belong to the same en-
tity. Therefore, there are no economic transactions between
building and EV.
There are also several works focused on the integration
of EVs in office buildings. Authors in [6] have assessed the
impact of EVs on the integration of renewable generation
in office buildings. Moreover, [7] has considered an office
building with flexible demand and EVs with the objective
of ensuring load leveling. Also, [8] considered an office
building equipped with PV, storage and EVs that aims to
minimize the total energy costs. The specific case of University
campuses is also considered in several works. For example,
[9] considered a University campus with PV, battery and EVs
with the objective of minimizing peak load while [10] has
studied a University building with PV systems and EVs with
the objective of maximizing peak-shaving and valley-filling.
These papers do not take into account the need for establishing
an economic relationship between building and EVs although
they belong to different entities.
The economic relationship between EV users and buildings
is explored by some researchers. Authors in [11] considered an
office building set up with PV and EVs with the objective of
minimizing energy costs. Also, [12] considers a building with
renewable generation and storage and EVs charging directly
with the generated energy with the objectives of minimizing
costs and greenhouse gas emissions. These literature assume
that buildings and EVs can exchange electricity in return for
money which does not comply with existing regulation in most
countries.
C. Contribution
The main contribution of this work is connecting the value
of electricity and parking duration and using this connection
to design a novel V2B methodology that can be implemented
with the existing regulation in Portugal (where the electricity
trade between buildings and EVs is not allowed). The cor-
nerstone of the proposed methodology is the parking time and
cost. This solution enables the buildings to sell parking spaces
instead of electricity. In this context, EV charging would be
considered as an added-value service. In other words, EV users
will pay based on the duration of the charging period in the
same way as he is paying for parking periods. Similarly, the
parking cost can be reduced if the EV user allows the use of
the energy stored in the EV battery to be injected into the
building. Such energy is only going to be used in the building
and not for V2G. Therefore, there is no need to change the
business relationship with the grid and the building is not
trading electricity, but only providing parking services.
The tariff of the charging and discharging services should
accommodate higher discharging tariffs to provide incentives
and compensate for the likely battery degradation. Addi-
tionally, in order to incentivize higher charging flexibility, a
reward is used for the idle period (i.e., parking period without
charging or discharging), since longer idle periods allow more
scheduling flexibility of charging and discharging. With this
strategy, the EV user only has to provide information about
the desired parking period, the desired charging period and
the maximum allowed discharging period. This eliminates the
need for data that is not easily obtained (such as the State of
Charge) and simplifies the system implementation.
D. Paper Organization
The remainder of the paper is structured as follows. Sec-
tion II presents the problem formulation. Section III presents
the test case and simulation results. Finally, Section IV sum-
marizes the paper, emphasizing its main conclusions.
II. PROBLEM FORMULATION
A. Objective Function
The proposed problem aims at minimizing the costs in the
building over all time steps (i.e., H). The objective function
(1) accounts for building electricity costs, as well as cash flow
associated with the parking, charging and discharging of N
EVs parked at that building.
min
H∑
h=1
CE(h)−
N∑
n=1
CEV (n) (1)
The first term in (1) represents the net cost of building
electricity consumption and self-generation, which is detailed
in (2). This net cost consists of two parts: (i) the cost of energy
drawn from the grid; and (ii) the financial compensation for the
energy injected into the grid. In (2), the first term represents
the case that the building has electricity deficit and it has to
import power from the grid. The second term captures the case
that the building has electricity surplus and exports power back
to the grid. Note, P[.]+ is the operator that preserves positive
values and equates non-positive values to zero.
CE(h) = P
[
L(h) +
N∑
n=1
P
+
EV,n(h)−
N∑
n=1
P
−
EV,n(h)
]
−
·CEI ·∆h
+ P
[
L(h) +
N∑
n=1
P
+
EV,n(h)−
N∑
n=1
P
−
EV,n(h)
]
+
· CEE ·∆h (2)
The second term of (1) shows the financial transactions be-
tween EVs and the building. CEV (n) is comprised of multiple
time based components. The time references that are submitted
by the EV owner n before entering the parking lot include: (i)
tP (n), requested parking period (ii), tc(n), requested charging
period (iii), and td(n), allowed discharging period.
CEV (n)=
Parking period︷ ︸︸ ︷
tP (n) ·CP +
Charging Period︷ ︸︸ ︷
tC(n) ·CC+
Discharging period︷ ︸︸ ︷
tD(n) ·CD
+ (tP (n)− tC(n)− tD(n))︸ ︷︷ ︸
Idle period
·CF (3)
The total parking costs, for each EV n, depend on the parking
period, charging period and discharging period, as well as
associated tariffs. Equations (4) and (5) derive these periods
shown in (3). Note, function C will count the number of non-
zero elements, hence, (4) and (5) calculate total charging and
discharging periods of individual vehicles.
tC(n) = ∆h
H∑
h=1
C
[
P
+
EV,n(h)
]
(4)
tD(n) = ∆h
H∑
h=1
C
[
P
−
EV,n(h)
]
(5)
B. Constraints
The discussed objective is subject to constraints such as
parking, charging and discharging time limitations, as well
charging/discharging power constraints. The charging duration
achieved until the end of the parking period should be enough
to ensure the satisfaction of the required total charging period
requested by the user and to compensate the discharging period
(6). Note, the compensation accounts for the discharge and
losses caused by battery discharging and since the requested
charging period was defined base on the maximum power, the
charging and discharging periods must be corrected by the
ratio between the average and the maximum power.
tC(n) =
Requested charging period︷ ︸︸ ︷
tc(n)
P+MEV,n
P
+
EV,n
+
tD(n)
η(n)
P
−
EV,n
P−MEV,n
(6)
The discharging period must be lower than the maximum
discharging period allowed by the user (7) and than the
charging period (8), in order to ensure that a state of charge
lower than the initial value is never achieved (since the SoC
is not monitored, the risk of reaching the minimum SoC is
eliminated).
tD(n) ≤
Allowed discharging period︷ ︸︸ ︷
td(n) (7)
tD(n) ≤ tC(n) (8)
In order to allow the charging and discharging, the parking,
charging and discharging periods must be positive (9).
tP (n) > 0, tC(n) > 0, tD(n) > 0 (9)
Additionally, the charging (10) and discharging (11) power is
limited by the charging infrastructure.
0 ≤ P+EV,n(h) ≤ P
+M
EV,n (10)
0 ≤ P−EV,n(h) ≤ P
−M
EV,n (11)
III. SIMULATION RESULTS
A. Data and Test Cases
The test cases use data from the Department of Electrical
and Computer Engineering at the University of Coimbra
(Portugal). The building has a total area of about 10,000 m2,
an electricity consumption of about 500 MWh/year and a
PV system sized at 80 kWp, which covers about 16% of
the existing electricity demand [13]. The PV generation was
adjusted for a future scenario where it addresses 50% of the
electric demand, in order to ensure periods with renewable
generation surplus to be used in the test cases.
One month of intermediate consumption and generation was
considered, being elected a weekday in March. Fig. 1 presents
the considered generation and demand profiles. The tariff for
the electricity imported from the grid is 78.3 e/MWh in the
super off-peak (0h - 2h), 84.3 e/MWh in the off-peak (2h -
6h, 22h30 - 24h), 121 e/MWh in the half-peak (10h30 - 17h,
19h30 - 22h30) and 188.8 e/MWh in the peak periods (8h
- 10h30, 17h - 19h30), and the tariff for the energy injected
into the grid is 35.8 e/MWh in all periods. For the parking
tariffs, it was considered 0.5 e/hour, 2 e/hour, 3 e/hour,
respectively, for the parking, charging and discharging periods,
as well as 0.5 e/hour for the flexibility reward. The used
chargers have a maximum charging/discharging power of
10 kW and 93% of efficiency. In the assessment, two test cases
were considered. Case 1 with a variable number of EVs and a
similar profile in terms of charging, discharging and parking
requirements, and Case 2 presenting a constant number of EVs
and different requirements.
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
h:m
0
50
100
150
200
250
kW
Demand
Generation
Fig. 1. Generation and demand profile for a weekday in March
B. Results
In Case 1, the variation of the total costs and impact on
the net load were assessed, considering an increasing number
of EVs, ranging from 0 to 20. In such a scenario, similar
assumptions of parking, charging and discharging periods were
used for all EVs. It was considered a parking period between
8 a.m. and 8 p.m., aligned with the typical use of office spaces
and parking, charging and discharging periods with an average
value of 8 hours, 2 hours and 0.75 hours, respectively.
Fig. 2 presents the variation of the objective function with
the increasing number of EVs. As can be seen, an increasing
number of EVs always lead to a decrease in costs. This is the
result of the defined price scheme, since the charging price
was designed to be always higher than the cost of the energy
required to ensure such charging and the discharging price
was designed in order to ensure that a charging/discharging
cycle presents a lower cost than the difference between the
electricity consumed and injected into grid.
Fig. 3 presents the variation of the net load in the building
with an increasing number of EVs. By increasing the number
of EVs until 8 the negative net load is avoided. However, after
compensating the generation surplus, an increasing number
of EVs (higher than 16) will lead to an increase of the
peak power, and to a quick variation on the net load, being
fundamental a higher level of charging flexibility to smooth
the net load profile.
In Case 2, different charging, discharging and parking
periods were considered in order to assess the impact of dif-
ferent charging and discharging profiles. Instead of comparing
different quantities of EVs, this scenario considers different
requirements in terms of parking and charging. Therefore, a
constant number of 10 EVs is considered. The considered
parking, charging and discharging periods vary between 0.5
and 10 hours, 0.5 and 2.25 hours, and 0 and 1.5 hours,
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Fig. 2. Variation of the objective function with an increasing number of EVs
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Fig. 3. Variation of the net load with an increasing number of EVs
respectively, presenting an average of 5.2, 1.4 and 0.9 hours
for the parking, charging and discharging, respectively.
Fig. 4 presents a comparison between the net load achieved
with Case 2, Case 1 and without EVs. In both scenarios, the
number of EVs was 10, but they have similar requirements
in Case 1 and differed requirements and a lower average
in Case 2. The achieved value of the objective function in
Case 2 (127.06 e) was higher than in Case 1 (120.78 e). In
Case 1 all the negative net load periods were avoided, therefore
ensuring the self-consumption of all generated energy, which
was not possible in Case 2. Such results are the consequence
of the lower flexibility (short parking and charging periods)
in Case 2, therefore limiting the options to use the charging
and discharging of EVs to compensate for the mismatch
between the local generation and demand and to concentrate
the charging in periods with lower tariffs.
In Case 2 the charging and discharging profiles of different
EVs can be compared. Fig. 5 compares the charging and
discharging of two EVs requiring the same charging period and
allowing the same discharging period, but with very different
parking periods (12 hours for EV6 and 5 hours for EV9).
Despite the same charging period, a longer parking period
allows EV6 to start the charging latter and to concentrate
the discharging in a period of lower generation level. EV9
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Fig. 4. Variation of the net load with Case 1 and Case 2
alternates between periods of charging and discharging, being
used the discharging to compensate periods in which the net
load is momentarily lower. However, the lower parking period
does not enable the concentration of discharging in periods
with more impact on the net load and costs. The switching
between charging and discharging periods demonstrates the
capability to ensure that a SoC lower than the initial value
is never reached, therefore avoiding the minimum SoC. Such
results also demonstrate the need for flexibility in order to en-
sure the optimum management of the charging and discharging
process to ensure the objectives from the building and user
point-of-views, therefore proving the relevance of rewarding
the flexibility provided by each EV.
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Fig. 5. Charging/discharging profiles for EVs with different parking period
IV. CONCLUSION
This paper proposes a novel methodology to solve the
limitations for the implementation of V2B systems in Portugal.
Specifically, this paper proposes a mathematical formulation
that enables V2B interactions while following the current
Portuguese regulation that prohibits financial transaction to
purchase and sell electricity between buildings and EVs. This
novel paradigm is based on the value of parking time duration
and added value services for the charging and discharging
periods. The proposed formulation considers cost minimiza-
tion from the building point-of-view while accounting for
electricity and parking tariffs.
The formulation was simulated for the University of Coim-
bra testbed, considering two case studies; similar EV spec-
ifications and non-similar EV requirements. The simulation
results show that the proposed solution results in an increased
contribution of EVs to minimize the building electricity costs,
as well as increasing the self-consumption of the on-site re-
newable generation. This is particularly important in Portugal
since the electricity buy-back tariffs are low. The presented
results also demonstrated the crucial role of the flexibility
(i.e., longer parking time duration than the required charging
periods) in facilitating the charging/discharging management
process and providing economic and technical benefits to the
building.
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